ABSTRACT: In recent decades, the Asian tiger mosquito expanded its geographic range throughout the northeastern United States, including Pennsylvania. The establishment of Aedes albopictus in novel areas raises significant public health concerns, since this species is a highly competent vector of several arboviruses, including chikungunya, West Nile, and dengue. In this study, we used geographic information systems (GIS) to examine a decade of colonization by Ae. albopictus throughout Pennsylvania between 2001 and 2010. We examined the spatial and temporal distribution of Ae. albopictus using spatial statistical analysis and examined the risk of dengue virus transmission using a model that captures the probability of transmission. Our findings show that since 2001, the Ae. albopictus population in Pennsylvania has increased, becoming established and expanding in range throughout much of the state. Since 2010, imported cases of dengue fever have been recorded in Pennsylvania. Imported cases of dengue, in combination with summer temperatures conducive for virus transmission, raise the risk of local disease transmission. Journal of Vector Ecology 42 (1): 3-12. 2017.
INTRODUCTION
The Asian tiger mosquito, Aedes albopictus, is an invasive species native to Southeast Asia that has expanded its geographic range to include Africa, the Middle East, Europe, and both North and South America (Gratz 2004 , Benedict et al. 2007 ) through international travel and the transportation of goods, particularly used tires (Benedict et al. 2007, Weaver and Reisen 2010) . In the United States, populations of Ae. albopictus became established in the mid-1980s as a result of imported, used tires . Since its introduction, this species has established populations in 26 states, primarily in the southeast and midAtlantic regions, with more recent expansion into the northeastern U.S., including New Jersey and New York Nelder 2009, Bonizzoni et al. 2013) .
Climate characteristics, such as temperature, strongly determine the population dynamics and distribution of Ae. albopictus. Despite being native to tropical regions of Asia, Ae. albopictus has successfully adapted to cooler climates (Mitchell 1995) . Although adult activity ceases below 9° C (Roiz et al. 2010) , Ae. albopictus eggs, particularly those from strains in temperate regions, can survive extreme temperatures (e.g., -10° C for 24 h and mean monthly winter temperature of -5° C (Nawrocki and Hawley 1987, Mitchell 1995) ). Ae. albopictus development stops below temperatures of 10.4° C and above temperatures of 40° C ). Development can take as long as 35 days at 15° C but diminishes with increasing temperatures, lasting only nine days at 30° C ). Survival rates are highest at temperatures between 20° C and 30° C, with 90% of female mosquitoes surviving 25 days in laboratory conditions (Briegel and Timmermann 2001, Delatte et al. 2009 ). Thus, temperature plays a crucial role in the survival, activity, and range expansion of Ae. albopictus.
Facilitated dispersal and increasingly suitable climatic conditions through warming temperatures likely explain the trends in Ae. albopictus expansion witnessed thus far in the U.S. The establishment of Ae. albopictus in novel areas raises significant public health concerns since this species is a highly competent vector of dengue fever virus (DENV) (Mitchell 1995) as well as several other arboviruses, including Zika virus (Musso et al. 2014 , Chouin-Carneiro et al. 2016 , chikungunya virus (Vazeille et al. 2007 ), West Nile (Holick et al. 2002) , and LaCrosse viruses (Gerhardt et al. 2001 , Bonilauri et al. 2008 , Paupy et al. 2009 ). Dengue has been nearly absent from the U.S. for the last 60 years . However, local transmission of dengue within the past 15 years has resulted in outbreaks in Hawaii , Texas , and Florida , Radke et al. 2012 . Although Ae. albopictus has a broad host range, it can be highly anthropophagic when human hosts are available (Ponlawat and Harrington 2005) . Furthermore, it is diurnally active and is a container-inhabiter , making it likely to come into contact with humans despite a flight range of less than 200 m (Marini et al. 2010) .
The establishment of Ae. albopictus in the U.S. raises the risk of additional locally transmitted dengue and chikungunya outbreaks through travel-related introductions of the viruses (Mohammed et al. 2010) . For example, infected travelers have been thought to cause the rapid spread of chikungunya into new locations (Simon et al. 2008) , as was the case in Italy when Ae. albopictus spread chikungunya introduced by an infected returning traveler (Rezza et al. 2007 ). In the U.S., imported cases of dengue are routinely recorded by the United States Geological Survey. U.S. residents that travel abroad, primarily to tropical countries, can become infected with dengue or chikungunya. As dengue is frequently asymptomatic, many travelers are often unaware they are harboring the virus when they return home (Endy et al. 2002) . Therefore, understanding the distribution and changing patterns of vectors such as Ae. albopictus is important for understanding the potential risk of disease outbreaks in novel geographic areas. Thus, the purpose of our study was to analyze a decade of colonization of Ae. albopictus in Pennsylvania and assess the risk of disease, in this case dengue.
MATERIALS AND METHODS

Mosquito data
Mosquitoes were collected throughout Pennsylvania by the Pennsylvania West Nile Virus Control Program (PAWNV) between 2001 and 2010. Each mosquito record included trap location (latitude and longitude) and trap type, number of mosquitoes collected, life stage and species, date and time of collection, and habitat. Aedes albopictus records did not include climate information; therefore, temperature data were obtained and added to point records as described below.
Climate data
In order to characterize temperatures at the locations where Ae. albopictus were collected, monthly mean, minimum, and maximum temperatures for each meteorological station in Pennsylvania between 2001 and 2010 were obtained from the National Oceanic and Atmospheric Administration. Data from a total of 126 meteorological stations were obtained; three stations were discarded due to incorrect latitude and longitude and three additional stations were discarded due to insufficient data records. Daily and monthly minimum, maximum, and mean temperature values for the closest station were matched by day, month, and year to each Ae. albopictus record.
Spatial and temporal distribution of Ae. albopictus in Pennsylvania
The sampling effort conducted by the PAWNV was highly variable across both space and over the ten years examined in this study. To account for this sampling variation, analyses were performed using standardized Ae. albopictus occurrence data. Mosquito occurrence was characterized as the number of Ae. albopictus collected per state municipality divided by the number of samples collected in each municipality for each month across all years examined in this study. The dataset was heavily rightskewed and dominated by zero counts; therefore, a Generalized Linear Model with a Poisson distribution and log link function was used to examine the main effects of year and month and the two-way interaction between these factors. Because there was a lack of standard trapping methodology, and as a result sampling effort varied widely over time and across municipalities, we further correlated sampling effort (the total number of samples taken for each year and month) with the number of Ae. albopictus caught (for each year and month) to assess whether any change in Ae. albopictus abundance could be explained by changes in sampling effort. We used Pearson's correlation coefficient with a one-tailed significance test, as we had an a priori expectation that Ae. albopictus numbers would increase with sampling frequency.
The spatial distribution of Ae. albopictus in Pennsylvania was analyzed in ESRI TM ArcGIS 10.1. A Kernel Density Estimate (KDE) was used to estimate Ae. albopictus population density throughout the state, while Global Moran's I analysis was used to determine whether occurrence exhibited autocorrelation (clustering) and a Local Indicators of Spatial Association (LISA) was used to identify clusters and outlier populations. KDE was used to identify where mosquito populations were highest using a kernel function to create a probability density estimate for the neighborhood around each location where Ae. albopictus were recorded. For the purpose of this study, we used a predefined circular search radius of 10 km to determine the overall density of mosquitoes throughout Pennsylvania.
Spatial autocorrelation analysis (Global Moran's I analysis and LISA) was used to assess whether Ae. albopictus were distributed randomly throughout Pennsylvania, and if not, to identify where statistically significant clusters occurred. A Global Moran's I statistic (Moran 1948 , Moran 1950 ) was calculated to determine whether the spatial occurrence Ae. albopictus is random or clustered. The Global Moran's I analysis was conducted in ArcGIS 10.1 by examining differences of each value from the overall mean value for the entire study area. The values range from −1 to +1, where values close to zero indicate spatial randomness, while a positive value indicates positive spatial autocorrelation (clustering) (e.g., when the value and neighboring values are higher or lower than the mean (positive and positive or negative and negative)) and a negative values indicates negative spatial autocorrelation (dispersion) (e.g., when one value is opposite the neighboring value (positive and negative)) (O'Sullivan and Unwin 2010). Although the Global Moran's I is useful for identifying whether autocorrelation (i.e., clustering) is present, it does not identify clusters or outlier locations that contribute to the autocorrelation.
Aedes albopictus clusters and outliers were identified using LISA. The LISA approach analyzes each feature within the context of its neighboring features to determine whether the local pattern is statistically different from all the features in the study area (ESRI 2014). Clusters were identified when features were surrounded with similar high values (High-High) or similar low values (Low-Low). Outliers were identified where areas with dissimilar values occurred next to each other, that is, where a high value was surrounded by low values (High-Low) or a low value was surrounded by high values (Low-High). Analysis was performed using contiguity-edges-corners (or Queen's case), where a municipality sharing a boundary or node influences the computations for the target feature. Analysis was performed using standardized Ae. albopictus occurrence data described earlier.
Dengue risk in Pennsylvania
In order for locally transmitted dengue outbreaks to occur in novel geographic locations, humans infected with the dengue virus (e.g., returning travelers) and competent mosquito vectors must both be present and exist in areas where environmental conditions are conducive for virus transmission from a mosquito vector to a human host. Alternatively, a mosquito already infected with dengue could be introduced into a novel region. The extrinsic incubation period (EIP), the time from when a mosquito vector becomes infected with a virus to the point at which it can begin transmitting the virus to other hosts when feeding, averages 15 days at 25° C and 6.5 days at 30° C Ebel 2003, Chan and Johansson 2012) . Increasing average temperature and decreasing diurnal temperature range generally increases vector competence and reduces EIP (Watts et al. 1987 , Lambrechts et al. 2010 , Tjaden et al. 2013 .
To explore the potential risk of dengue throughout Pennsylvania, we used the model developed by Lambrechts et al. (2011) . This model was parameterized using data from other mosquito-flavivirus systems and captures the probability of dengue transmission at fluctuating temperatures. Thus, the probability of dengue transmission was calculated by Equation 1:
( 1) where P T is the probability of transmission and T a is the hourly temperature (Lambrechts et al. 2011 ). Temperature plays a key role in the transmission and life-history traits of mosquitoes; however, the diurnal temperature range (DTR) has been shown to be more accurate at capturing dengue transmission than mean daily temperatures (Lambrechts et al. 2011) . To capture the effects of DTR, average hourly temperatures were calculated for each month from mean, minimum, and maximum monthly temperatures using methods developed by Parton and Logan (1981) and used in other studies of disease-temperature effects (Klass et al. 2007 , Paaijmans et al. 2009 , Blanford et al. 2013 ). An exponential decreasing function (Equation 2) was used to calculate hourly nighttime temperatures, while a sine function (Equation 3) was used to calculate hourly daytime temperatures:
where T a is the predicted temperature, T max and T min are the monthly maximum and minimum temperatures, respectively, T s is the temperature at sunset, m is the number of hours until sunset after the minimum temperature is reached, a = 1.5, b = 2.8, and z is the length of the night (Parton and Logan 1981) . We then averaged hourly transmission values to determine daily transmission probability of each cell for an average day in each month. WorldClim long-term average temperature data, Version 1.4, Release 3 (Hijmans et al. 2005) , were used to investigate dengue risk in Pennsylvania. The 30 arc second resolution climate surfaces were created using a thinplate smoothing spline interpolation method for weather station records between 1950 and 2000 (Hijmans et al. 2005) . Average minimum and maximum monthly temperature surfaces were substituted into Equations 3, 4, and 5 and used to create DENV transmission probability surfaces for May-October. DENV transmission probability values were extracted for each location where Ae. albopictus were found and used to assess spatial and temporal patterns of DENV transmission risk.
WorldClim temperature surfaces represent long-term averages and may not represent current trends or capture temperature variability associated with each season. Therefore, we compared WorldClim temperatures with NOAA ten-year average mean monthly temperatures for the same months (May to October). NOAA mean monthly temperatures were calculated using recorded monthly temperatures for 2001-2010. Comparisons were made at the location of each climate station (N=120) and found to be highly correlated ( Figure 1A) . Therefore, for the purpose of this study, maps illustrating DENV transmission probability for Pennsylvania were created using WorldClim data.
RESULTS
Spatial and temporal distribution of Ae. albopictus in Pennsylvania
Between 2001 and 2010, a total of 32,498 unique locations was sampled throughout Pennsylvania. Sampling intensity peaked during the summer months between June and August, with higher sampling intensity generally surrounding urbanized areas ( Figure 1C) . A total of 5,513 records representing 39,310 adult Ae. albopictus was collected from 1,996 unique geographic locations between May and October from 2001 to 2010. In Pennsylvania, there was a significant increase in the number of Ae. albopictus trapped between 2001 and 2010 (Wald = 567.8; d.f. 1, 9; P < 0.001: Figure 2A ). Within these years, there was a significant increase in the number of Ae. albopictus sampled from April to October (Wald = 476.1; d.f. 1, 6; P < 0.001: Figure 1B) . Additionally, there was a significant interaction between year and month (year x month Wald = 3193.5; d.f. 1, 42; P < 0.001), indicating that the monthly pattern of population increase varied among years. Furthermore, there was a significant relationship between the number of Ae. albopictus caught per year and sampling effort (r = 0.56, P = 0.048) and no relationship between the number of Ae. albopictus caught per month and sampling effort (r = 0.43, P = 0.17).
Aedes albopictus were collected from a variety of habitats ( Figure 2C) , with the highest average number of mosquitoes collected per trap in tire piles and salvage/junkyards ( Figure 2C ). The majority of mosquitoes (81%) were collected during months with mean temperatures ranging between 20-28° C, peaking at 26° C ( Figure 2D ). However, Ae. albopictus were collected during temperatures as cool as 3.4° C (October) to temperatures as hot as 32.7° C (July). No mosquitoes were collected during the winter months, with the exception of one mosquito that was found during January, 2003, in a tire pile in North Union, Fayette County when mean monthly minimum temperatures were -9° C.
In 2001, Ae. albopictus were chiefly found in the Philadelphia area, with additional populations dispersed in the southern part of Pennsylvania. By 2005, the mosquitoes' range extended westward, with Ae. albopictus detected near Harrisburg and Pittsburgh. By 2010, the Ae. albopictus population had increased, with a substantial number of mosquitoes in the southwest corner of the state around Pittsburgh and a geographic range which also extended northward, almost reaching Scranton ( Figure 3A) . For all years between 2001 and 2010, Ae. albopictus were predominantly found in the southeastern counties of Pennsylvania, with densities up to 137 mosquitoes per km 2 and low densities for much of the western and northern portion of the state ( Figure 3B) .
Ae. albopictus distribution was clustered (p<0.01; Z-score=31.047; Moran's I=0.34). Three key clusters were identified as High-High, comprising 56 municipalities which surround York, in close proximity to Harrisburg and along the Pennsylvania border in and around Philadelphia. One outlier cluster (High-Low) was identified (Mount Joy Municipality) ( Figure 3C ). During the cooler months of May and October, Ae. albopictus were mainly found around Philadelphia, but during the warmer, summer months, Ae. albopictus could be found as far west as Pittsburgh and as far north as Scranton.
Imported dengue cases and probability of DENV transmission
A total of 87 imported cases of dengue fever had been recorded in Pennsylvania since 2010 when reporting started. Twenty-five of Pennsylvania's 67 counties reported at least one imported case during that time period. Thirty-seven percent of the cases occurred in Philadelphia County and the adjacent counties of Delaware and Montgomery ( Figure 4C ). No locally transmitted dengue cases have been reported in Pennsylvania from 2010-2014.
DENV transmission probabilities exhibited spatial and temporal variation ( Figure 4A ). At the locations where Ae. albopictus were detected, the highest monthly DENV transmission probabilities occurred during July (mean=0.66, SE=0.0010) and August (mean=0.62, SE=0.00096), with the lowest probability during October (mean=0.13, SE=0.00074). The maximum transmission probabilities calculated occurred during July, at 0.71 ( Figure 4B ).
DISCUSSION
In this study we found that the spatial distribution of Ae. albopictus increased throughout Pennsylvania since mosquito surveillance began in 2001. Despite wide variations in trapping effort by the PAWNV, we found little evidence to show that variation in sampling effort was the cause of the increase in Ae albopictus populations across the state. A similar finding has been shown in New Jersey where variation in trapping effort also did not account for the spread of this important vector (Farajollahi and Nelder 2009) . Ae. albopictus were most abundant during the warmest months of May-October, peaking during the midsummer. Similarly, the geographic range of Ae. albopictus was greatest during the warmer summer months, while populations were concentrated in the southeast portion of the state during the cooler months of May and October. Aedes albopictus absence from November through March can be attributed to low temperatures ). Several studies have shown that winter temperatures limit egg survival (Nawrocki and Hawley 1987, Hanson and Craig 1994) . However, here in Pennsylvania, where the average monthly minimum winter (December-February) temperatures were as low as -6.2° C, Ae. albopictus were able to survive. 
Aedes albopictus range expansion and establishment of permanent populations
Aedes albopictus populations became established and spread throughout much of Pennsylvania. The mechanisms behind this invasion are not clear; increasingly suitable temperatures due to climate warming may be at least partly responsible (Rochlin et al. 2013) . Temperatures in Pennsylvania can be expected to increase due to climate warming and will likely affect mosquito populations and the length of the mosquito season (Erickson et al. 2012) . This species has also demonstrated ecological plasticity, with rapid evolutionary changes in the timing of its seasonal diapause for more temperate regions (Urbanski et al. 2012) . The monthly temperature data presented here can serve as a baseline for determining suitable conditions for Ae. albopictus establishment in this region and may be useful for monitoring its distribution and adaptability in the future.
Although the number of Ae. albopictus are increasing, we may have underestimated the population size in Pennsylvania. Since the introduction of BG Sentinel traps in 2008 ( Figure 2 , Table 1 ), a substantial number of mosquitoes have been captured from a small number of traps. BG Sentinel traps have been shown to be more effective at capturing Ae. albopictus than other commonly used trap types (Meeraus et al. 2008 , Drago et al. 2012 . If BG Sentinel traps had been used during the entirety of the study period, our estimates of the Ae. albopictus population size would likely be higher.
Disease risk
The probability of DENV transmission varies seasonally in Pennsylvania, with the highest DENV transmission probabilities occurring during the mid-summer months (July and August mean probability = 0.64) when Ae. albopictus are most abundant. Projected warmer temperatures for Pennsylvania will likely result in higher DENV transmission probabilities, increasing the risk of locally transmitted dengue. However, the presence of a DENV vector, Ae. albopictus in this case, and high DENV transmission probabilities are only two of the three basic components necessary for locally transmitted dengue outbreaks to occur -the DENV must also be present in the environment. Nearly 90 imported dengue fever cases were reported in Pennsylvania from 2010 through 2014, with the highest number of imported cases in the immediate vicinity of Philadelphia. The greater Philadelphia region also exhibited some of the highest concentrations of Ae. albopictus in the state, relatively high DENV transmission probabilities and a high human population density. Thus, all three components necessary for local DENV transmission (the vector, the virus, and conducive temperatures) are present within the highly populated, greater Philadelphia region. Although the development of persistent, endemic dengue in Pennsylvania is unlikely, travel related introductions of DENV could result in periodic local transmission during the summer months. To date, no locally transmitted cases of dengue have yet been reported. The absence of sustained dengue outbreaks in areas where Ae. albopictus is the only DENV vector has been reported for other regions as well (Lambrechts et al. 2010) .
In assessing the risk of locally transmitted dengue outbreaks, we only considered one component of vectorial capacity, vector competence. Although vector competence is a key component when assessing outbreak risk, vectorial capacity should be considered in future studies as it also considers mosquito density, biting rates, survivorship, and the DENV EIP (Kramer and Ebel 2003) . Furthermore, the model (Lambrechts et al. 2011) we used to calculate DENV transmission probability was developed using Ae. aegypti mosquitoes and future work should consider the development of a DENV transmission model specific to Ae. albopictus mosquitoes. However, we do show that summer temperatures in Pennsylvania are conducive for DENV transmission.
Although this study focused on dengue fever risk, similar concerns exist regarding the recent emergence of novel vectorborne viruses such as chikungunya virus (CHIKV) in the U.S. Aedes albopictus has been shown to be a highly effective vector of CHIKV, transmitting certain CHIKV strains with greater efficiency than Ae. aegypti, and with temperate Ae. albopictus populations exhibiting different virus transmission dynamics than tropical populations (Vega-Rua et al. 2013 , Vega-Rua et al. 2014 . Although local transmission of CHIKV has thus far been limited to Florida (11 cases in 2014), 2,344 travel-associated cases of CHIKV were reported in the United States (91 in Pennsylvania) in 2014, raising the likelihood of locally transmitted CHIKV in novel geographic regions with Ae. albopictus. Thus, the potential for novel vector-borne disease transmission in Pennsylvania should integrate biological models with existing surveillance of vector populations and disease cases to anticipate likelihood of potential outbreaks. Maps illustrating the distribution of Ae. albopictus and spatial relationship with DENV transmission probability and imported disease cases can be useful for targeting vector control efforts and disease monitoring.
Due to the increasing importance of Ae. albopictus as a disease vector, future studies should continue to examine Ae. albopictus occurrence throughout the entire northeastern U.S., not only in terms of assessing environmental conditions conducive for survival, but also for vector competence. Differences in vector competence for DENV and CHIKV between temperate and tropical Ae. albopictus populations in France (Vega-Rua et al. 2013) highlight the need for evaluation of temperate Ae. albopictus populations in the U.S. and the development of better biological models of DENV transmission.
